The evidence of X-ray diffraction photographs shows that in gutta-percha and in polychloroprene at the 'melting'-point, major changes of molecular configuration due to rotation round the single bonds occur spontaneously. Melting is ascribed to the onset of chain-bond oscillation between alter native, geometrically equivalent positions ('molecular wriggling'), and the low melting-points of these substances (and also, by analogy, of rubber) as compared with polyethylene are ascribed to the greater freedom of rotation round the single bonds in the former substances.
In P art I of this work (1941) , the crystal structures of /? gutta-percha, rubber and polychloroprene (deduced from X-ray diffraction photographs) were described. In pursuance of the idea th at rubber-like properties are due to molecular flexibility resulting from the sw ivelling of the chain units round single chain bonds, it is necessary to consider which chain-bond positions are the most stable and what hindrances there are to rotation aw ay from these positions. The question of the most stable bond positions
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Molecular structure and rubber-like elasticity 83 was considered in P art II (1941) . I now consider the evidence for the occurrence of rotation in rubber-like substances, the hindrances to rotation in different molecules and their effect 011 the crystallization or 'm elting' temperature, and the explanation of the mechanical properties of these substances in terms of structure and molecular movement, both above and below the crystallization temperature.
Rubber is non-crystalline and elastic at room tem perature; but on cooling below 0° C it crystallizes (Clark, Wolthuis & Smith 1937; Clark, Gross & Smith 1939) , and in that condition has the mechanical properties of g u tta percha (Houwink 1937) ; th at is to say, a frozen specimen no longer has enormous elasticity, but it can be drawn or rolled out irreversibly, the crystals becoming oriented. Conversely, if gutta-percha is warmed to 70° C, it becomes amorphous (transparent, optically isotropic and non crystalline), and its mechanical properties are then like those of rubberit is soft and elastic (Hauser & Susich 1931) . The difference between the two substances thus appears to be essentially a difference of crystallization temperature. These crystallization temperatures are remarkably low; polyethylene, (-CH2-CH2-)n, of comparable molecular length crystal lizes at 115-125° C. In attempting to understand rubber-like elasticity in terms of molecular behaviour, the first question is why are the crystalliza tion points of such enormous molecules so low, and why is the crystallization point of the cis form of polyisoprene (rubber) lower than th at of the trans form (gutta-percha).
T h e c r y s t a l l iz a t io n p o in t s o f l o n g -c h a in p o l y m e r s
When a crystanine solid is heated, it melts when the amplitude of the thermal motions of the atoms, ions or molecules of which it is composed becomes great enough to destroy the regular arrangement in the crystals. The Lindemann equation (Lindemann 1910) embodies the assumption th a t melting occurs when the amplitude of vibration of the structural units becomes equal to the distances between these units, and for a few metallic elements and simple salts it has been shown (see Eucken 1930) th at this equation leads to vibration frequencies in agreement with those calculated in other ways (from specific heats, 'reststrahlen', and compressi bilities). Similar calculations for molecular crystals have not been made, but it is certain that their melting-points are determined by some such condition; the general rise in melting-point with the molecular weight of organic molecules testifies to this, since the amplitude of vibration of a molecule at a given temperature must decrease with rising molecular weight. But this is valid only for rigid molecules; when one part of a molecule can make large movements with respect to another part, the mass of the moving parts, which Controls the melting-point, is not the mass of the whole molecule but th at of the comparatively rigid portions of the molecule which move with respect to each other. Crystals composed of very flexible molecules are expected to have melting-points much lower than those composed of rigid molecules of the same weight.
The molecules of long-chain polymers with which we are concerned consist of fairly rigid units joined by single bonds round which rotation can occur relatively easily. For instance, in a rubber molecule each isoprene unit -CH2-C(CH)3= C H -CH2-is relatively rigid owing to the presence of the double bond, but rotation can occur round the single bonds which join the isoprene units together. In crystals of chain polymers, the mole cules are packed together like a bundle of rods; vibrations perpendicular to the rods are likely to be very much larger than those along the rods, and it is therefore the former which cause melting when their amplitude reaches the required magnitude. The fact th a t the melting-point of polyethylene is practically independent of the molecular weight when the latter is above 10,000* is in agreement with this conception. These lateral move ments may be due partly to distortion of the bond angles, and partly to rotation round the single bonds; in some polymer molecules, rotation round the single bonds through large angles may occur-for example, through about 120° to alternative bond positions, or even through 360°; the amplitude of movement occurring in this way is far greater than th a t likely to result from bond-angle distortion, and therefore, ease of rotation round the single bonds is likely to be the main influence determining the melting-point, at any rate in hydrocarbon polymers, in which the intermolecular forces are comparatively weak. The melting-points of crystals composed of molecules in which rotation is easy are likely to be many degrees lower than those composed of molecules in which rotation does not occur.
First of all, evidence will be presented which leaves no doubt th a t major changes of molecular configuration due to rotation round the single bonds do occur in gutta-percha and polychloroprene a t the crystallization point.
E v i d e n c e o n m o l e c u l a r m o v e m e n t s a t t h e c r y s t a l l iz a t io n p o i n t
Gutta-percha at 70° C is amorphous. On cooling, it may crystallize in two different forms, known as a (formed on slow cooling) and ft (formed on * Unpublished work of this laboratory. rapid cooling). These two forms are not simply different arrangements of the same molecules, but have different chain structures; the identity periods of the chains (4*7 A for the /? form produced by rapid cooling, 8*9 A for the a form produced by slow cooling) leave no doubt of this. The difference between the two chains is simply a difference in the position of the single bonds (CH2-CH2) which join the ( isoprene units together (see P art I). The two types of molecules are illustrated in figures 2 and 5 of P art I ; they may be represented th u s:
CHa-C(CH3)= C H -CHS

CHa-C(CHS)= C H -CHa
\
(Each isoprene unit is, as far as its carbon atoms are concerned, approximately planar, the plane being perpendicular to the paper; the connecting links-CH2-CH2 bonds-lie nearly in the plane of the paper.) Evidently, the single bonds which determine the molecular configuration switch over spontaneously from one position to another in the amorphous material.
That the change of molecular configuration occurs at the moment when a molecule takes its place in a crystal is confirmed by the fact th at in any one /? crystal the molecules are all either left-handed or right-handed, not mixed. For, suppose /? molecules were formed previous to crystallization: the probability of formation is the same for left-handed as for righthanded molecules; hence in any group of molecules we should expect to find equal numbers of the two types, and when the group crystallized we should get an arrangement containing equal numbers of left-and righthanded molecules. (It is very unlikely that, in a non-fluid medium, the molecules would be able to sort themselves out into separate groups of thousands of left-handed molecules and thousands of right-handed molecules. Limited movements, necessary to convert a random grouping into an ordered arrangement, must occur, but extensive migrations of large numbers of molecules are unlikely.) It is thus necessary to assume that, at the moment of crystallization, each molecule assumes whichever configuration is necessary for convenient packing with other surrounding molecules. Evidently, the most stable mode of packing is one in which all the molecules in one crystal have the same configuration, and accordingly, molecules change their configuration as required. Conversely, when a crystal 'm elts', bond oscillation sets in at the melting-point.
The same argument with regard to change of configuration of /?-type molecules applies to polychloroprene, which is structurally analogous to /? gutta-percha. For rubber itself we have no evidence on the type of molecular movement which occurs, since its crystal structure happens to include both left-and right-handed molecules; it is, however, reasonable to suppose th at in rubber the type of molecular movement is similar to that in polychloroprene and gutta-percha at or above their melting-points, since the molecules of all these substances are built on the same principles (see Part I).
'Free rotation' round simple bonds is, of course, a well-known pheno menon in liquids and solutions, and the conception has been much used in recent theories of the structure of rubber-like polymers; but the evidence now presented is the first direct evidence th at such rotation does occur spontaneously in rubber-like polymers. The term ' free rotation ' is perhaps a little misleading, as it suggests rotation at uniform speed, or quite random rotatory movements. Actually, in all probability, there is a rapid switching of the bonds from one definite position to another, as in ethane and its derivatives. (See P art II of this work.) This is probably what happens in the rubber-like polymers discussed here; the CH2-CH2 chain bonds are continually oscillating from one definite position to the other. When this happens in a long-chain polymer molecule, it means th a t the whole molecule is spontaneously wriggling; an attem pt to suggest this is made in figure 1 , in which the molecules are represented in skeletal fashion to avoid con fusion. Two modes of wriggling, both consistent with the maintenance of essentially straight chains, are illustrated, but many other modes are possible. The movements may not be confined to oscillation between two positions; the third bond position allowed by the principle of staggered bonds (see P art II) may also be visited; there is, however, no evidence on this point.
I now ask whether the onset of molecular wriggling is directly respon sible for the melting of the crystals, or whether such wriggling can occur in the crystals. I t is necessary to ask this question, because it appears th a t in certain crystals whole molecules ro ta te ; in other words, the rotation of the molecules does not cause melting. Now molecular rotation a t tem peratures far below the melting-point only occurs in crystals composed of molecules which are roughly spherical (e.g. camphor derivatives) or disk-shaped (White & Bishop 1940; White, Biggs & Morgan 194°)-These molecules can rotate without disturbing their neighbours unduly, and this is evidently the reason why the rotation of the molecules does not cause the crystals to melt. Among chain compounds it appears th a t in some crystals of normal paraffins and alcohols the molecules rotate about their long axes (causing a phase change) a few degrees below the melting-point (Bernal 1932; Muller 1932) . Such molecules have roughly cylindrical sym metry, yet it appears th at when a molecule, through be assumed as a working hypothesis that the onset Figube L Gutta-percha of molecular wriggling is responsible for the melting molecules .wriggling, of the crystals.
On this hypothesis, the principal reason why the crystallization tem peratures of rubber and similar substances are so remarkably low is th at rotation round the single bonds is relatively easy (compared with poly ethylene, for instance). Intramolecular forces are so free that the Van der Waals forces urging crystallization are balanced at a much lower tem perature than that to be expected for more rigid molecules of similar size. In other words, each isoprene (or chloroprene) unit has a freedom of move ment approaching that of monomeric isoprene or chloroprene; hence the crystallization points of polyisoprene and polychloroprene approach those its vibrations, pushes away its neighbours to an extent sufficient to permit complete rotation of the mole cule, the amplitude of movement is nearly sufficient to melt the crystal; a further rise of temperature of only a few degrees is necessary to cause melting. Now the amplitude of movement in gutta-percha molecules which are wriggling in the manner de scribed is much greater than th at necessary for rotation of the roughly cylindrical molecules just mentioned. Hence, it seems reasonable to suppose th a t the wriggling is not likely to occur in the crystals, but th at the onset of molecular wriggling is directly responsible for the melting of the crystals. There is no evidence on the m atter; the X-ray patterns which indicate a precise structure in the crystals (see P art I) do not rule out the possibility of wriggling in the crystals, for changes of con figuration might take only a small fraction of the time, and thus might not affect the X-ray patterns; but it certainly seems unlikely. At any rate, it will of the small monomer molecules. Other effects which might influence the crystallization point are the packing difficulties of awkwardly shaped molecules; if molecules do not pack neatly the Van der Waals forces cannot play their full part. The crystal densities give some indication of the efficiency of packing; those of gutta-percha, rubber and polyethylene, calculated from the unit cell dimensions of the crystals, are 1-04, 1-00 and 1-00 respectively; these are so similar th at the influence of this factor on the crystallization point is likely to be quite subsidiary.
If accepted, the hypothesis th at chain-bond oscillation (causing major changes of molecular configuration) is responsible for the melting of these rubber-like polymers leads to the inquiry why rotation round the single bonds occurs at a lower temperature in rubber and polychloroprene than in gutta-percha; and further, why the crystallization temperatures of all three substances are so much lower than th a t of polyethylene.
H i n d e r e d r o t a t io n i n c h a in p o l y m e r s
I t will be assumed th at the most stable positions for the bonds, and the energy required to move a bond from one position to another, are deter mined by two factors: the orienting tendency of the electron pairs forming the bonds, and the interactions of the atoms or groups held by the bonds. I t has been suggested th at the potential barrier to rotation in ethane and propane-some 3000 cal. per methyl group-is chiefly due to the first of these factors, the orienting tendency of the bonds themselves (Kistiakowsky, Lacher & Ransom 1938) . I t will be assumed, then, th a t in a saturated molecule, bond orientation alone is responsible for a barrier of this order of magnitude. Now in propylene, CH3-C^, and in acetone, the methyl groups rotate more easily; the barrier is 1000-2000 cal. (Kistiakowsky et al. 1938; Crawford 1939; Schumann & 1938) , apparently owing to the presence of the double bond. Presumably the same effects occur in chain polymer molecules; when a double bond is present, as in rubber, gutta-percha and polychloroprene, rotation round the adjacent single bond is likely to occur more easily than in a com parable saturated molecule. This may be the reason why the meltingpoints of these polymers which have double bonds in their chains are low.
The explanation of the differences between the three unsaturated poly mers is to be sought in the other factor-the interactions of the groups uem by the bonds. Evidence relevant to this question is available in the large volume of work which has been done on the racemization of diphenyl derivatives (Adams & Yuan 1933)' ^ aPPears th a t for these substances the predominant factor controlling ease of rotation round the single bond is the size of substituent groups in key positions. Thus, when fluorine atoms
are present at the 2, 2', 6 and 6' positions of diphenyl, racemization (due to rotation round the single bond) is so easy th at resolu tion into optically active forms cannot be achieved, while if the larger chlorine atoms or methyl groups are present in these positions, resolution can be effected and racemization does not occur in solution even at 100° C. The polarity of groups in these positions, and the presence of substituents in other positions, have only secondary effects. Therefore, in considering ease of rotation in the three unsaturated polymers, I look for geometrical hindrances to rotation. In gutta-percha, it is known th at at the melting-point 16 2636 4 6 1 2 3 4 l a the CH2-CH2 chain bonds (46-1 and 4-la ) swing from one side of the isoprene unit to the other. The shortest route from one position to the other is illustrated in figure 2 ; bond 1-46 swings (round bond 1-2 as axis) through about 120°. When this happens, carbon atom 46 has to pass within 2-6 A of the methyl carbon atom 5 ; since the external radius of a CH2 or a.CH3 group is 1-8-2-05A, there will evidently be some hindrance to this rotation. (The sizes of the balls representing atoms in figure 2 are arbitrary; actually the electron clouds are much larger, so much so th at joined atoms overlap enormously. But to give the electron clouds their correct sizes would obscure the stereochemistry; therefore in the drawing the atoms are symbolized by small balls.) There is an alternative route involving rotation through. 240° in the opposite direction, but this offers no advan tages; atom la would have to pass within 2-5 A of 5 and 1 within 2-5 A of 56; and in addition, the wider sweep would be hindered by surrounding molecules. The shorter route involving rotation through 120° is therefore the more probable. It has been seen that this rotation is hindered by the size of the groups which have to pass each other, and at low temperatures no rotation is possible; but with rise of temperature the vibrations of the atoms (involving bending and stretching of the bonds) increase, until a point is reached at which rotation can occur at certain phases of the vibrations. The thermal energy must be enough to overcome (1) the small potential barrier due to preferred bond orientation, (2) the hindrance due to the size of the groups which have to pass each other, and (3) the hindrance due to other surrounding molecules. The temperature at which this occurs is about 60° C (actually 65° for the a form and 56° for the form).
i la ( CH.
F ig u r e 2. Bond oscillation in gutta-percha (above) and rubber (below).
The molecular structure of polychloroprene is entirely analogous to th at of J3 gutta-percha; it has a chlorine atom in place of the methyl group of gutta-percha. Now the distance between linked chlorine and carbon atoms (1*77A) is greater than the distance between linked carbon atoms (1-53 A), and thus the chlorine atom of polychloroprene stands farther from the chain than the methyl group of gutta-percha; moreover, the external radius of a chlorine atom appears to be slightly less than th at of a methyl group. On both accounts the chlorine atom would be expected to offer less obstruction to chain-bond rotation than the methyl group (see figure  2 a) . Chain-bond rotation, and thus molecular wriggling, could therefore occur at a lower temperature in polychloroprene than in g u tta percha. This may be the reason why the melting-point of polychloroprene is lower than th at of gutta-percha. There are other influences-the larger inertia of the chlorine atom, and the interaction of C-Cl dipoles-which might be expected to have the opposite effect and tend to increase the melting-point; but evidently such effects are secondary, possibly because melting can be achieved without moving the chlorine atoms at all; one can imagine the chloroprene units oscillating about the C-Cl bonds, so th a t the chains are wriggling (and the crystals melting) while the chlorine atoms remain stationary.
In rubber, as in gutta-percha, CH2 group 46 (figure 26), in swinging round to the other side of the isoprene unit, has to get past the obstruction offered by the methyl side group. This methyl side group, however, is set slightly farther back (away from group 46) in rubber than in gutta-percha. (In half the isoprene units in a rubber crystal the angle CH3-C =C H is 115°, while in gutta-percha the corresponding angle is 125°.) Furthermore, it can vibrate farther in the direction away from 46. In gutta-percha, group 4, only 3*0A away at the other end of the double bond (figure 2a), obstructs vibration in this direction, but in rubber (figure 26), owing to the cis double-bond configuration, no such obstruction is present, only a hydrogen atom being attached to C3 on this side. Since vibration of the methyl group in the direction away from 46 is easier, group 46 can swing round past the methyl group at lower temperatures in rubber than in gutta-percha. This is evidently the reason why the crystallization point of rubber is lower than that of gutta-percha.
A qualitative explanation of the fact that rubber and polychloroprene are non-crystalline and elastic at lower temperatures than gutta-percha can thus be given on the basis of the simple stereochemical conception of geometrical hindrance to bond oscillation.
Comparison of these substances with saturated chain polymers is less simple, because there are two factors to be taken into account-the bondorientation effect as well as geometrical hindrance. To form some idea of the effect on the melting-point of the higher bond-orientation barrier in saturated as compared with unsaturated molecules, we need informa tion on the melting-points of saturated and uiioaturated molecules in which the geometrical hindrances are the same. Rubber hydrochloride (-CH2-CH2-CH2-C(CH3)C1-)M is being studied with this end in view. Meanwhile, in attempting to compare rubber and gutta-percha with polyethylene (-CH2-CH2-)n, in addition to the difference in bondorientation energies there is another interesting difference. In rubber and gutta-percha, bond oscillation which is apparently sufficient to cause melting occurs between geometrically enantiomorphous, energetic ally equivalent positions (see figure 2) . But in polyethylene, the most stable form of chain is a plane zigzag, in which each chain bond is in a geometrically unique position; movement of a chain bond to either of the other two staggered positions is movement to a geometrically non equivalent position of higher energy (higher owing to repulsion between the CH2 groups (see P art II)). This must increase the height of the energy barrier to be surmounted. (The magnitude of this effect is unknown; potential energy diagrams for w-butane, similar to those given for halogen derivatives of ethane (Beach & Palmer 1938; Beach & Turkevitch 1939) , would give some idea of it, but such diagrams are not available.) Any increase in the height of the energy barrier would increase molecular rigidity and therefore raise the melting-point.
In polyethylene, the bond-orientation effect and the repulsion between the CH2 groups co-operate in favour of the stability of the plane zigzag type of carbon chain, and the co-operation of the two factors is no doubt responsible for the high melting-point. In some saturated polymer mole cules having large substituent groups close together along the chain, it may happen th a t the two factors are in opposition: if mutual repulsion of the substituent groups opposes the staggered configuration preferred by the bonds themselves, it may well happen th a t the energy barrier to rotation is reduced and may even be negligible. This is probably why poly^sobutylene (-CH2-C(CH3)2-)n, with its pairs of methyl groups on alternate carbon atoms (Fuller, Frosch & Pape 1940) , has a low meltingpoint, being amorphous and rubber-like at room tem perature: examination of models of this molecule shows that, no m atter what chain structure is assumed, mutual repulsion between the methyl groups opposes the staggered configuration; th at is to say, the bonds prefer one configuration (with the bonds staggered), while the methyl side groups prefer another, the net result being th a t all configurations have much the same energy, the barriers to rotation are small and the melting-point low.
Thus it seems possible to understand, in a rough general way, the meltingpoints of long-chain polymers on the basis of the two hypotheses assumed in the foregoing discussion. These hypotheses are: (1) th a t melting is due to lateral movements of segments of more or less flexible molecules, and (2) th at the energy required for rotation round the single bonds (the chief basis of molecular flexibility) is made up of two factors-the bondorientation energy, and the interaction of the atoms or groups held by the bonds.
S t r u c t u r e o f a m o r p h o u s r u b b e r
I shall accept the conclusion th a t in amorphous gutta-percha, polychloroprene, and by analogy in rubber and other similar substances above their crystallization points, molecular wriggling (by which is meant spon taneous major change of molecular configuration of the type previously discussed) occurs spontaneously. I now inquire to what extent this leads to curling up of the molecules. I t should be noted th a t the low meltingpoints of these substances can be adequately explained without assuming any curling at all; one can quite well imagine the molecules wriggling sufficiently to cause melting and yet retaining the straight chain structure found in the crystals (see figure 1) . I t has, however, been pointed out by Mark and others (see, for instance, Mark 1939) th at in the case of an isolated molecule the very fact th at the number of different curled-up configura tions is much greater than the number of straight configurations must tend to favour an average curled-up configuration; in other words, each isolated molecule, owing to thermal movements, assumes a random con figuration, the probability of an approximation to a straight configuration being very small. The question is to what extent these statistical effects operate in rubber-like substances, in which the molecules, so far from being isolated, are packed close together. The X-ray pattern of amorphous rubber does not determine whether the molecules are curled up or not (Simard & Warren 1936) .
A theory of rubber-like elasticity was built, chiefly by Mark (1939) and Kuhn (1936) , on the two assumptions that rotation round the single bonds is quite free, and that the molecules behave as if in isolation. The second assumption seemed from the outset improbable; however, a calculation by Kuhn (1936) of the modulus of elasticity of rubber gave an approxi mately correct figure. This seemed encouraging support for the theory; but it has since been shown by Bresler & Frenkel (1939) th at if the existence of an appreciable barrier to rotation is taken into account, such calculations give moduli much smaller than the experimental values; a barrier of 3600 cal. leads to a modulus of elasticity one-twentieth the experimental value. (It must be pointed out th at the figure of 3600 cal. for the height of the barrier to rotation, though possibly of the right order of magnitude, is not necessarily correct for rubber. Bresler & Frenkel's procedure was to consider the chain (-CH2-CH2-and assume, th at the barrier has the magnitude 3600 cal. found for propane; actually, the value for propane (where a methyl group rotates but does not move as a whole in relation to the rest of the molecule) is not appropriate for the long CH2 chain, for which the barrier for w-butane (not yet known) would be more nearly correct, since in thi^ molecule a whole CH3 group swings round, and this would be comparable to the CH2 group in the long chain. But, apart from this, the choice of the simple CH2 chain as an example-a practice followed in most theoretical discussions-is an unfortunate one, for polyethylene is not a typical rubber-like substance; it is crystalline up to 115-125° C, and above the melting-point is a very viscous liquid. The magnitude of the barrier for rubber is unknown, but it is certainly not zero, and Bresler & Frenkel's calculations show th at the existence of a barrier of appreciable magnitude leads to a considerable reduction in the value of the modulus calculated by K uhn's method.) This must mean th a t K uhn's second assumption-th at the molecules behave as if in isolation -is not justified; the correct result of his calculation was the fortuitous outcome of making two incorrect assumptions which happened to have roughly equal and opposite effects on the result.
I conclude, therefore, th at intermolecular action in rubber-like sub stances is by no means negligible. Its effect on the form and packing of the molecules naturally depends on the nature of the substance (the geometry of the molecules and the forces between individual atom s); but we may form some idea of the general effect of such forces by referring to the structures of ordinary liquids composed of small molecules. I t appears that in such substances, disorder is not complete; there is, especially just above the melting-point, some attem pt at an orderly arrangement, the type of arrangement being usually a rough approximation to th at which exists in the crystal of the substance in question. In other words, although the molecules are moving about, they are more often than not surrounded by neighbouring molecules arranged in roughly the same manner as they are in the crystal (Randall 1937) . For molecules of roughly spherical shape, this tendency is greatest for polar liquids such as water and least for non polar liquids such as hydrocarbons; the shape of the molecules plays an important part only when there is considerable departure from spherical shape (see Bernal 1937) . In long-chain polymers the most extreme departure from spherical shape occurs; consequently one expects to find, in these substances just above their melting-points, partially ordered arrangements of molecules corresponding roughly with the arrangements found in the crystals. In all crystals of long-chain polymers, as far as is known, the molecules are arranged parallel to each other as in a bundle of rods. (Any .other arrangement would give very poor packing and a low density.) But the molecules are much larger than the crystals, and therefore any one molecule in the course of its length passes through several crystals (see Mark 1940) . I therefore visualize a structure of the type shown in figure 3a , in which crystals (groups of straight parallel lines representing molecules) are tied together by molecules, each of which passes through a number of crystals. I t is this feature which is responsible for the cohesion and high tensile strength of long-chain polymers as compared with molecular crystals composed of small molecules. Ju st above the meltingpoint, therefore, one should find th at portions of molecules are associated in roughly parallel groups, as in figure 3c , in which the wavy lines represent molecules wriggling in the way described previously. This arrangement differs from that in the crystal in that the molecules are not precisely parallel (one can imagine them pulled away from parallel positions by the * ty in g 5 portions of molecules) and are not arranged side by side in a regular way. With rise of temperature, the arrangement should become more and more disordered, and the molecular configuration more irregular.
I now inquire whether the size of the semi-ordered regions which exist just above the melting-point is at all comparable with that of the crystals which exist below the melting-point. Judging from the breadth of the diffraction spots, the crystals in the polymers mentioned in this paper are at least several hundred A across, that is to say, there are straight portions of molecules several hundred atoms long, packed together in thousands to form precise arrangements. On this question, comparison of the extensibilities of crystalline and rubber-like polymers is instructive.
C. W. Bunn
M e c h a n ic a l p r o p e r t i e s a b o v e a n d b e l o w t h e m e l t i n g -p o i n t I t is worth noting, first of all, th at the conception of molecular wriggling gives an immediately convincing reason for the characteristic semi-liquid properties of rubber-like substances-their softness, flexibility, and ease and rapidity of extension and contraction. These substances have such properties simply because the spontaneous thermal movements of segments of molecules are of similar magnitude to the movements of whole molecules in ordinary liquids, from which rubber-like substances differ in their lack of fluidity which is obviously due to the enormous length of the molecules and the resultant entangling effects. Thermal movements of such magni tude are really implied in the statistical theory of Mark & Kuhn, and in the treatm ent of K. H. Meyer (1939) ; but such movements have not received the attention they deserve. For instance, in the statistical theory the emphasis has always been placed on the conception of irregular mole cular configuration in unstretched rubber, rather than on spontaneous changes of configuration; and when Meyer (1938) speaks of rubber-like substances as being 'liquid in two dimensions and solid in the th ird ', he is referring to the forces between different molecules and between parts of the same molecule, rather than to molecular movements. The present point of view is th at neither irregularity of configuration nor any particular distribution of intermolecular forces is sufficient to confer rubber-like properties. There are many amorphous polymers (especially interpolymers) in which the molecules probably have an irregular configuration, but they will not be rubber-like unless the molecules are so flexible th a t the thermal motions of segments of molecules cause spontaneous major changes of configuration.
As regards extensibility, it seems at first sight th at there is a fundamental difference between rubber-like and crystalline specimens. The latter (for instance, polyethylene, gutta-percha and rubber hydrochloride at room temperature) can be drawn out to 3-5 times their original length, but when drawn they remain extended with the crystals all nearly parallel to each other (figure 3 b) ; rubber, polychloroprene. and polyisobutylene can be stretched 7-10 times their original length, and when released, contract spontaneously. I t is found, however, th at cold-drawn crystalline polymers, when w armed to temperatures a little below their melting-points, contract spontaneously and almost completely. (For published figures on rubber hydrochloride, see Gehman, Field & Dinsmore 1938 .) The fact th at contraction occurs when the specimens are still largely crystalline shows th at a structure composed of crystalline blocks joined by 'tie ' molecules can have a reversible extensibility of a t any rate 400 %. The difference between this behaviour and th at of rubber-like substances js only one of degree, and this suggests th a t the dimensions of the molecular bundles in rubber-like substances at room temperature may be not very different from those of the crystals formed below the melting-point.
In the extension and contraction of crystalline polymers, the 'ty in g ' portions of molecules must play the most im portant p a rt; the statistical effects considered by Mark, operating on the ' tying ' portions of molecules, are no doubt responsible for the spontaneous contraction just below the melting-point. The crystals presumably remain, for the most part, as organized units; but it must often happen th a t in cold-drawing, different parts of the same crystal are dragged in different directions, and the crystal will then be sheared along cleavage planes. That this actually happens in polyethylene is shown by the fact th at when orientation in a cold-drawn specimen is particularly good, the crystal size is smaller than in the original undrawn specimen (as shown by the breadth of X-ray diffractions). Similarly, in spontaneous contraction just below the meltingpoint, there is X-ray evidence th at the size of the crystals increases; small crystals evidently join together to form larger ones. These facts all help us to understand what happens when a rubber-like substance is stretched. First of all, the molecular bundles can be figured as being pulled by the 'ty in g ' portions of molecules into approximately parallel orientation; but slipping of individual molecules and shearing of molecular bundles into two or more groups occur very much more easily than in a crystalline polymer owing to the spontaneous wriggling of the molecules. (If a molecule gets into a jam when in one configuration, it may be able to get past easily when in another configuration.) There is consequently much more slipping and changing from one molecular bundle to another than there is in crystalline polymers; to this may be ascribed not only the far greater ease of extension, but also the greater extensibility of rubber-like as compared with crystalline polymers.
Cr y s t a l l iz a t io n b y s t r e t c h in g
During the stretching of rubber, crystals are formed and the structure of fully stretched rubber is analogous to th at of cold-drawn crystalline polymers (figure 36). Crystallization has usually been attributed to the straightening out of curled-up molecules, which, when they find themselves parallel to each other, are able to form a precise arrangement; but there is another effect which may be of equal or greater importance. If a tangle of Vol x8o A. string is pulled out as if it were a piece of rubber, not only do many of the strands become roughly parallel to the direction of pulling, but also it is obvious that many strands are laterally compressed by surrounding strands. Therefore, in stretched rubber, not only are the bundles of molecules roughly parallel, but many of them are in a state of lateral compression. The molecules are forced closer together laterally, and are obliged to take up less space; the obvious way of taking up less space laterally is to stop wriggling and pack together neatly; this the molecules do, forming crystals. The greater the extension, the greater the proportion of molecular bundles laterally compressed, and therefore the greater the proportion of crystals.
(It is necessary to mention that, although the properties of gutta-percha above its melting-point (65° C) are in general similar to those of rubber at room temperature, it does not crystallize on stretching (Hauser & Susich 1931) . The reason for this is probably th at gutta-percha molecules are considerably shorter than rubber molecules; there is more internal irreversible slipping, as is shown by the fact th at stretched amorphous gutta-percha on release does not return to its original dimensions. Conse quently it is not possible to get sufficient tension on the specimen to cause crystallization at 70° C.)
In mechanical properties, the greatest contrast between rubber-like and crystalline polymers is shown by the behaviour of stretched specimens on release. Polyethylene and gutta-percha at room temperature remain extended (except for a sm'dl contraction of 10 %) and crystalline, while rubber contracts spontaneously and almost completely and becomes amorphous. The reason why the former substances remain extended is that, during stretching, the crystals are to some extent pulled to pieces and put together again in a different way. On release, the statistical effects to which Mark has drawn attention tend to make the 'ty in g ' portions of molecules assume a random configuration; this would disorient the crystals and thus cause contraction to the original length. But contraction cannot go very far unless the jammed-in crystals can be pulled to pieces by smearing along cleavage planes; the pull of the 'tie ' molecules is not sufficient to achieve this, and the specime'n therefore remains extended except for a small contraction of 10 %. (Near the melting-point, shearing becomes easier and the increased thermal motions of the 'tie ' molecules are sufficient to pull the crystals to pieces, and spontaneous contraction occurs.) In contrast, when stretched (largely crystalline) rubber is released, a small initial contraction leads to a slight relaxation of lateral compres sion ; the crystals now have more room, and molecules on the surfaces of some crystals start wriggling. This loosening of the structure then permits a further contraction; more molecules then wriggle, and the process spreads through the whole specimen, until the 'm elting' of the crystals and the contraction of the specimen is complete. The rapidity of contraction ('snap') is due to the fact th a t wriggling molecules slip past each other almost as easily as the molecules in an ordinary liquid.
A reasonable general account of the mechanical properties of crystalline and rubber-like polymers and the relation of these types to each other can thus be given on the basis of the conceptions developed in the foregoing discussion.
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